SCIENTIFIC 

REPpRTS 



'Of 



S 




OPEN 



SUBJECT AREAS: 

OPTOFLUIDICS 

BIOSENSORS 

NANOPHOTONICSAND 
PLASMONICS 

CHARACTERIZATION AND 
ANALYTICAL 
TECHNIQUES 



Received 
24 April 201 3 

Accepted 
1 7 September 201 3 

Published 
4 October 2013 



Correspondence and 
requests for materials 
should be addressed to 
Y.L. (Iiyq@nwpu.edu. 



Surface-enhanced molecular 
spectroscopy (SEMS) based on 
perfect-absorber metamaterials in the 
mid-infrared 

Yongqian U\ Lei S\j\ Chen Shou\ Chunmeng Yu^, Jinjun Deng^ & Yu Fang^ 

^ Key Laboratory of Micro/Nano Systems for Aerospace of Ministry of Education, Northwestern Polytechnical University, Xi'an, 
China, 71 0072, ^School of Chemistry and Materials Science, Shaanxi Normal University. Xi'an, China. 726001 . 

Surface-enhanced infrared absorption spectroscopy has attracted increased attention for direct access to 
molecular vibrational fingerprints in the mid-infrared. Perfect-absorber metamaterials (PAMs) with 
multi-band spectral responses and significant enhancement of the local near- field intensity were developed 
to improve the intrinsic absorption cross sections of absorption spectrum to identifj^ the vibrational spectra 
of biomolecules. To verify its performance, the proposed infrared PAM array was used to identify the 
molecular stretches of a Parylene C film. The resonant responses of the infrared PAMs were accurately tuned 
to the vibrational modes of the C=C target bonds. The vibrational stretches of the C=C moiety were 
observed and the auto-fluorescence mechanisms of the Parylene C film were monitored. The unique 
properties of the PAMs indicate that this approach is a promising strategy for surface-enhanced molecular 
absorption spectroscopy (SEMS) in the mid-infrared region and for the tracking of characteristic molecular 
vibrational modes. 

Increasing requirements for single-molecule identification are emerging for public applications\ in areas such 
as health care^, the monitoring of trace elements in the environment and water/food safety; these requirements 
constantly push the development of detection modalities aimed at the detection of rare target analytes with 
ultra-sensitive precision, specificity and multiplex capabilities^. Various devices and systems have achieved the 
integration and miniaturization required for multiplex detection and sensitivity improvements^. These methods 
are based on electrical, magnetic and mechanical principles and optical strategies such as optical waveguides^, 
surface plasmon waveguides and optical resonators^'^. These methods are significantly advantageous for real-time 
monitoring in biology and have enabled numerous experiments and biochemical investigations^'^. The specificity 
for and multiplex detection of target molecules are achieved through chemical functionalization of the device 
surface^ or are typically performed by devices^. 

The unusual optical properties of the emergent nanostructure arrays present another label-free methodology. 
Surface plasmon resonance (SPR)^^'^^ and localized surface plasmon resonance (LSPR)^^'^^ have become recog- 
nized as 'gold standard' biosensing techniques ^'^'^^ Extraordinary optical transmission (EOT) of sub -wavelength 
plasmonic nanohole arrays enables high-throughput multiplex detection with a small sensor volume^^"^^. The 
ability to tailor the electromagnetic wave of the metamaterials has expanded the sensitivity and multiplex 
capabilities into the area of biochemical interactions^^ and has encouraged the emergence of surface-enhanced 
molecular spectroscopies Infrared absorption spectroscopy enables direct access to the vibrational finger- 
prints of a molecular structure, but due to the intrinsic absorption cross section of the active molecular excitation 
in infrared absorption spectroscopy, the sensitivity is still much lower than that of fluorescence label-based 
methods^\ Plasmonic nanoantennas have been excited to demonstrate the direct detection of vibrational signa- 
tures of single protein monolayers. The vibrational spectra of proteins have been obtained at zeptomolar levels 
corresponding to hundreds of molecules per antenna^^. The asymmetric resonance of a Fano-resonant metama- 
terial has a sharper spectral response and higher field enhancement to serve as a platform for multispectral 
biosensing to recognize proteins^^ and to detect the chemical binding of target antibodies^l The commonly used 
amide vibrational peaks of proteins require resonance quality factors Q greater than 10 Most plasmonic 
metamaterials are unable to attain such rigorous resonant lines at infrared frequencies. Additionally, a narrower 
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linewidth implies a larger field enhancement over the surface of a 
planar plasmonic metamaterial. However, transmitting metamater- 
ials provide neither field confinement nor specific narrow responses 
because of their poor collective resonances. 

Fortunately, the recently emerging perfect-absorber metamaterials 
(PAMs) exhibit strong local electromagnetic concentration and nar- 
row spectral tunability resulting from matter-photon interactions. 
Near-field plasmonic enhancement of the absorption of PAMs has 
been demonstrated with a metal-dielectric-metal structure^^, in which 
the resonance response can approach unity in certain frequency 
regions^^"^^. The intrinsic spectral sensitivity of PAMs to small pertur- 
bations in their geometries facilitates the tunability of the resonance 
spectrum. Additionally, the dramatic dependence of the line- shape 
shifts on the local environment improves the detection limit in bio- 
sening^^'^^. For mid-infrared spectroscopy, this property is significant 
because various biological moieties are characterized by multiple 
vibrational fingerprints. The mid-infrared response characteristics of 
the surface- enhanced perfect absorption enable the implementation of 
precision identification of individual molecular species and can even 
enable the detection and characterization of complex biological 
molecular regions, thereby improving the specificity of biodetection^^. 
In particular, the plasmonic resonances of PAMs can be tuned to 
certain spectral regions of interest with tolerant spatial reproducibility. 

The advantages of multiple-band absorption and intuitive tunability 
make PAMs particularly attractive for the development of a new gen- 
eration of label-free mid-infrared molecular absorption spectroscopies^^ 
and make it possible to approach the detection limit for single-molecule 
binding events^l Efficient perfect-absorption sensing has been per- 
formed for an asymmetric 'H' structure, in which the resonance of 
the electromagnetically induced transparency (EIT)^^ is sensitive to 
the presence of glucose in an aqueous solution around each sensing 
element. This asymmetric geometry exhibits high detection sensitivities 
of 600 nm per refractive-index unit^^. Three widely separated molecular 
vibrational modes of C=0 and C-H in a thin film of PMMA were 
revealed using a carefriUy designed plasmonic PAMs^\ Particularly in 
mid-infrared spectroscopy, dual- or multi-band perfect absorbers have 
been designed to explore the structural diversity of two molecular 
stretches of polymer films^^'^^; these absorbers have potential for various 
applications, such as the simultaneous monitoring of multiple fmger- 
print characteristics during structural transformation and the dissim- 
ilarity between different molecular regions^^'^^'^^. Although these 
achievements only cover part of the mid-infrared range^^, they have 
the potential to be readily achieved for arbitrary frequency segments 
for implementing molecular absorption spectroscopy in the mid-infra- 
red region with multi-band responses and surface enhancement, with 
the goals of sensitivity, specificity and multiplex detection^^'^^'^^. 

To achieve surface-enhanced multi-band infrared spectroscopy, a 
perfect-absorber metamaterials array was developed; in this array, 
cross-shaped perfect absorbers were arranged in diagonal patterns. 
We first tailored the geometry of individual PAMs array to form 
resonant structures that match the molecular vibrational modes of 
interest. The array was specifically designed to attain multiple-wave- 
length spectral resonances in the mid-infrared region. The amplitudes 
and resonant frequency shifts at two frequency bands were tuned to 
match the molecular vibrational modes of the analyte and to maximize 
the enhancement and accuracy for the analyte. The molecular vibra- 
tional modes of the C=C bond in thin films of Parylene C were 
revealed through the absorption difference spectra for the developed 
PAM arrays. The surface enhancement and multiplex spectral response 
in the mid-infrared region make this platform a powerfiil and versatile 
technology for ultra-sensitive molecular vibrational spectroscopy^^. 

Results 

Cross-shaped perfect-absorber arrays and multi-band absorption 
spectrum. A concept schematic of the embedded PAMs on the 
surface of the substrate chip is shown in figure 1 (a). The real 



device is one chip measured using an Fourier-transform infrared 
spectrometer (FTIR) equipped with an infrared microscope. The 
device consists of a few square detection regions with elaborately 
designed PAM arrays. One of cross -shaped PAMs array is shown 
in figure 1 (b), in which the inset gives the arrays of cross-shaped 
nanoresonators arranged in diagonal pattern. A molecular film of 
Parylene C, tens of nanometers in thickness, was chosen as a sample 
analyte to coat the PAM. Then the FTIR is used to measure the 
absorption response. The absorption responses before and after 
coating are used to identify the existing of molecule. 

The PAM arrays were deliberately designed to induce distinct 
resonances through the surface- enhanced perfect absorption. The 
resonance wavelength was strongly dependent on the occurrence 
and the concentration of the analyte in the adjacent medium around 
the metallic nanostructure, as shown in figure 1 (c). A single unit of 
an infrared PAM, which is a typical metal-insulator-metal absorber 
structure, as shown in figure 2 (a), consists of a metallic cross-shaped 
nanoresonator on top of a barrier film above a ground plane depos- 
ited on a silicon substrate. The array of metafile nanoresonators and 
the ground plane film are separated by a thin AI2O3 film. The array of 
cross-shaped nanoresonators plays a role similar to that of an electric 
ring resonator (ERR)^°, which strongly manipulates the incident 
electromagnetic wave. Compared to the arrays of cross -shaped 
PAMs investigated in the previous literature^^'^^'^^, the diagonal pat- 
terns provide two bands and sharper spectral responses in the mid- 
infrared region. The electric response can be tuned by altering the 
sizes of the cross-shaped resonators, and the magnetic response can 
be tuned by the thickness of the dielectric layer between the resonator 
arrays and the ground plane^^"^^. At specific frequencies, impedance- 
matching conditions are met for the nanoresonator array and the 
surrounding medium, and these conditions result in a maximized 
narrow-band absorbance. 

To identify an infrared molecular fingerprint, one must be able to 
easily position the resonance response throughout the mid-infrared. 
This capability is demonstrated in figure 2 (b), which shows the 
resonance tunability of the PAM structure for different values of 
the arm length L. As the arm length L increases, the associated 
resonant mode becomes red- shifted. The absorption spectra of the 
PAM structure measured are in close agreement with numerical 
simulations. The resonance response at short wavelengths (M2) is 
attributed to the propagation surface plasmons (SPPs) excited at the 
interface through a coupling mechanism^^. The mode Ml is red- 
shifted as the distance between the two arms increases and exhibits 
characteristics typical of surface plasmon resonance. The linear sens- 
itivity relationship has been observed previously and can be 
explained by circuit theory^^. The resonant absorption peaks are 
primarily sensitive to the arm lengths of the PAM structure, although 
other geometric factors contribute slightly to the resonance. The 
displayed resonance tunability is highly advantageous for surface- 
enhanced measurements in the infrared region^^'^^. 

Local field enhancement by collective resonances. In this work, we 
aimed to engineer PAMs that support spectrally narrow collective 
plasmon excitations at mid-infrared frequencies, specifically at the 
amide vibrational peaks of the protein, which fiuctuate from 
1620 cm"' to 1680 cm"' (amide I) and 1510 cm"' to 1580 cm"' 
(amide II), and the vibrational normal modes of the polymer 
sample. The lithographically fabricated structures are then coated 
with a monolayer of the polymer, and the vibrational dipole 
moments of the molecules act as a load for the PAM resonators. 
Nanoresonator arrays, driven by an infrared resonance source, 
efficiently focalize the incident wave to the load through the 
collectively enhanced plasmonic excitations. 

Under resonant absorption conditions, the nanostructure arrays 
efficiently tailor the incident electromagnetic wave through the 
enhanced plasmonic excitations^^. For an individual cross-shaped 
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Figure 1 | (a) Schematic of the architecture of the conceived device with the embedded perfect-absorber metamaterial (PAM) array. A few PAMs arrays 
were designed and fabricated in the substrate chip. A Parylene C molecular film was chosen as an example. Beams of incident and reflect light are used to 
measure the absorption response by FTIR. PAMs array is shown in background, (b) A typical scanning electron microscopy image of the fabricated PAM 
array and the geometric sizes. A magnified image of the device is shown in the insert, (c) The resonance spectra of three PAM samples coated with Parylene 
C film; in these spectra, the molecular vibrational stretches can be observed. 



perfect absorber, the EM wave response is controlled by the incident 
field that excites the localized surface plasmons (LSPs) serving as the 
electric dipoles. However, for an array, the resonance responses are 
attributed to not only the single excitations induced by the incident 
electromagnetic field but also to the induced scattered fields from the 
dipoles of the other nanoresonators. The local electromagnetic fields 
around the i^^ nanoparticle are created by the incident electromag- 
netic fields and the other induced dipole fields. 

EL,i=Einc,i + Ei„d,i=Eoe^''^ + ^ c^jFj^'^^^ (1) 

where Eq and k = 2n/X are the amplitude and the wave vector of the 
incident wave. Pj is the induced polarization of the resonator in the 
array. The qj values represent the dipolar interaction between the 
nanoparticles without the phase term^^. If the induced dipolar field 
interactions within the array patterns are almost in phase, the local 
fields satisfy the resonance oscillation and become extremely large. 
Therefore, in an array of perfect absorbers in phase, the extremely 
localized field redistribution results in strongly enhanced near-field 
excitation. 

For normal incident light at the nanoresonator array, previous 
simulations showed that the near-field intensities were enhanced 
by a factor of 10^-10^ Although these enhancement factors are 
quite impressive, higher near-field intensities are required for mono- 
layer molecular measurements. In the array structure, hybrid excita- 
tions in well -engineered perfect-absorber ensembles can be exploited 
to achieve dramatically enhanced near- field intensities with much 



narrower far-field spectral responses. As shown in figure 3 (b), the 
near-field enhancement of the Poynting field (|P|^) in the cross-sec- 
tional plane of the PAM was computed by three-dimensional FDTD 
simulations at excitation wavelengths of 6.40 |im and 2.275 |am. The 
simulations indicated that the electromagnetic energy was efficiently 
confined in the AI2O3 spacer layer and that a locally enhanced elec- 
tromagnetic field was established at the gaps and tips between 
adjacent nanoantenna resonators. The largest Poynting intensity 
enhancement of 10^-10^ was obtained at the tips of the cross-shaped 
nanoantennas. The large spectrally selective enhancement holds 
promise for sensing applications, as demonstrated below. 

Optical constants and the spectra of Parylene C film. As a proof of 
concept, Parylene C film was chosen as a model system to prove the 
mechanisms of the infrared surface enhancement spectroscopy. 
Parylene has exceptional mechanical and optical properties for 
nanostructures'*^'^\ Additionally, it has several well-known charac- 
teristic absorption bands in the infrared range. The absorption bands 
of the C-H and C=C molecular stretches are dependent on the 
dehydrogenation and oxidation processes that occur in long- 
duration illumination^^. 

First, the absorption spectral properties of a Parylene C film eva- 
porated on a bare substrate were measured as displayed in figure 4 
(a). There are three distinct absorption peaks in the infrared range 
at 3.29 |im (3031.8 cm"^), 6.89 |im (1450.3 cm'^ and 9.57 |im 
(1044.9 cm"^). The optical constants in the mid-infrared were also 
measured as shown in figure 4 (b), which agrees well with the absorp- 
tion spectral positions. The optical constants below give reasonable 



(a) (b) 




Figure 2 | Schematic of the perfect-absorber metamaterials (PAMs) and the tunability of their resonance spectra, (a) One PAM unit cell and the 
corresponding structural parameters. The cross-sectional view displays the layers, including the barrier layer of gold, the dielectric spacer layer of AI2O3 
and the topmost gold antenna. Two thin layers of titanium material are included to improve adhesion between the layers. The parameters of the designed 
PAMs are characterized by the arm length (L), the arm width (W) and the length of the periodic region (P). The thickness of the topmost gold layer of the 
nanoantenna is labeled H. (b) The resonance response spectra as a function of the arm length L; the resonance peaks become red-shifted as the arm length 
increases. 
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Figure 3 | Near-field Poynting field ( | P | ^) distribution, which manipulates the infrared absorption spectrum at the resonant wavelengths of 6.40 ^im 
and 2.275 ^im. (a) Three-dimensional view of the simulated absorber structure. Cross section PI is along the X-Y plane located at the top surface of the 
Au resonator array (pink plane), and the monitoring cross section P2 for the simulation is along the bottom dielectric AI2O3/AU layer (green plane). 
The sectional monitor P3 (grey plane) transects one cross-shaped resonator (grey plane), (b) The enhancement factor for the field distribution over the 
tips of the perfect absorber shows the confinement and redistribution of electromagnetic energy. The color bar shows the enhancement factor. 
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results. The strong peaks at approximately 1450.3 cm"^ (6.89 um) 
correspond to the C=C stretch. The side lobes of the peaks at 
6.89 |am (1450.3 cm"^) are an asymmetric minor absorption and 
indicate the presence of substituent groups. The peak at approxi- 
mately 9.57 |im (1044.9 cm"^) arises from the small number of C- 
Cl stretches. The small peak at 3.29 |im (3031.8 cm"^) corresponds 
to the vibrational stretches of the C-H group. The data agree well 
with the vibrational reflection dips reported in the mid-infrared^^, 
although the spectra of the vibrational bonds are slightly displaced 
from their typical positions because of the illumination duration. 

Based on the optical constant results shown in figure 4, the infra- 
red absorption spectra of the PAMs before and after coating with 
Parylene C film were studied. The presence of the thin polymer film 
changes the dielectric environment of the PAMs and results in fre- 
quency shifts. The complex value of the frequency shifts affects both 
the spectral position (index-induced shift) and the surface-enhanced 
absorption^^. The refractive index of Parylene C contains a nondis- 
persive component of n = 2.5, as indicated in figure 4 (b); this 
component induces a frequency shift in the resonance response of 
the PAM. The frequency shifts scale with the thickness of the film; 
this result was verified by numerical simulations and experiments. 
The spectral difference before and after the coating process was 
calculated, as shown in figure 5 (b). The inset chart indicates the 



linear relation between the frequency shift of the peak and the thick- 
ness of the polymer for films less than tens of nanometers thick; this 
relation allows the polymer thickness to be estimated^ \ Analogous to 
the figure of merit (FOM) for the refractive index sensitivity mea- 
surements^^, the function for assessing the sensing potential is 
defined by 

m{eY T-i) 



mu-- 



fwhm(eV) 



(2) 



where T represents the thickness and m is the linear regression slope 
in figure 5 (b) for the thickness dependence. This definition allows 
nanostructures to be judged against one another as sensing plat- 
forms, independent of the shapes or sizes of the nanostructures. 
The FWHM of each of the three resonant spectra in figure 5 (a) were 
represented in terms of energy (eV). The result of 1.79 shown in 
figure 5 (b) indicates the significant sensitivity of surface-enhanced 
molecular spectroscopy based on PAMs. 

Detection of the molecular vibrations of Parylene C film. We focus 
our attention on the information in the molecular stretches. The 
Parylene C films with varying thicknesses were evaporated on a 
bare substrate and on the surface of the PAMs with a film coating 
system (Specialty Coating System, Inc.). The infrared absorption 
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Figure 4 | The optical properties of Parylene C film in the mid-infrared region from 2.0 ^m to 10.0 ^m. (a) The absorption spectrum measured by FTIR 
spectrometry of Parylene C film with a thickness of less than 0.80 [im. The repeating unit of the Parylene C polymer is shown in the inset. Three 
measurements were repeated for Parylene C films with slightly different thicknesses. The obvious strong absorption bands correspond to the vibrational 
stretches ofC-H at approximately 3.29 |am(3031.8 cm"^), C=C at 6.89 |am(1450.3 cm"^) andC-Clat9.57 |am(1044.9 cm"^). (b) The optical constant 
was measured by spectroscopic ellipsometry (IR-VASE®, J.A. WooUam). The permittivity of Parylene C contains a nondispersive component in the 
refractive index. 
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Figure 5 | PAMs manipulate the infrared absorption spectra, (a) Analytic absorption spectrum from PAMs before and after functionalization for 
increasingly thick Parylene C layers, for less than tens of nanometers, (b) The difference spectra calculated from the absorptivity. The nondispersive 
component containing the refractive index of the Parylene C contributes to the shift in the resonant frequency. The inset presents the linear relation 
between the wavelength and the thickness of the polymer film. 



spectra before and after the Parylene C film coating were measured 
with a FTIR spectrometer. To obtain information on the molecular 
vibrational stretches, the frequency- shift method was used to 
eliminate the effect of the dielectric constant^^'^\ The characteristic 
molecular vibrational stretches were explicitly revealed in the 
absorptive different spectra. The corresponding difference spectra 
were calculated from AA = A' before -Aafter, where A' before and Aa/ter 
are the absorption spectra of the bare perfect-absorber array and the 
PAMs coated with Parylene C, respectively. The frequency- shift 
absorption spectra were obtained by transforming the spectral 
signatures of the coating with the wavelength difference AX = 

hefore-Kfter thrOUgh the relation A i,efore^A{ki,efore- this 

transformation was performed through a homebuilt frequency 
calibration program. The absorbance difference spectra estimated 
for two PAM arrays with different arm lengths before and after 
coating with Parylene C film were extracted, as shown in figure 6. 
The electromagnetic response of the PAM results in a slight shift in 
the resonant spectra and fluctuations in the light intensity. These 
fluctuations were normalized with a polynomial fitting procedure 
for the difference spectra^^ AA/Aq = (A^e/ore — Afl/^g^)/Ao, where 
Ao is the absorption signal from a reference surface. In addition to 
the above frequency shifts, the difference spectrum distinctly reveals 
the characteristic absorption bands corresponding to the C=C 
stretch in Parylene C at 1450.3 cm"^ (6.89 um). As shown in 
figure 6 (b), the absorption difference spectrum for the C=C 
stretch shows pronounced enhancement with a narrow line width 
caused by both the intrinsic peaks and the superposition of the 
perfect spectrum with the resonance modes of the PAM arrays. 



As shown in figure 6, the dashed vertical lines indicate the posi- 
tions of the peaks in the absorption spectrum that result from the 
vibrational stretches of the C=C groups. The observed difference 
signal (AA/Aq) was 20% in the periodic PAMs. The reference surface 
without PAM structures was measured for Parylene C films of the 
same thickness. Faint absorption signals were observed in the region 
far from the fabricated PAMs. These results verify the use of PMAs 
for the identification of molecular vibrational spectra. 

The absorption difference spectrum in figure 6 displays another 
interesting result, the asymmetric Fano profile-like shape of the spec- 
trum^^. The distortion from the normal Lorentzian shape is attrib- 
uted to the strong interaction between the molecular dipoles and the 
resonance modes of the PAMs. Both the resonance modes of the 
perfect absorber and the Parylene C molecular vibrational modes 
induce the above asymmetric spectral modifications^^'^^. Especial- 
ly when approaching the absorption maximum, the asymmetric 
spectra are strongly dependent on the relative positions of the per- 
fect-absorber peak and the molecular absorption peaks. When the 
excitation resonance is consistent with the molecular vibrational 
frequencies, a clear splitting is observed, as shown in figure 7. The 
asymmetric properties of the absorption spectrum will improve the 
sensitivity for identification^^'^^. 

Autofluorescence processes of Parylene C film. Parylene C plays a 
significant role as a biocompatible material in microfluidic and micro 
total analysis system (mTAS) applications. However, the auto- 
fluorescence of Parylene C can be a major obstacle for Parylene C- 
based devices in applications that require sensitive fluorescence 
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Figure 6 | Analytic and experimental absorption differences caused by the Parylene C film, (a) Absorption spectroscopy of the PAMs after coating with a 
thick Parylene C film, (b) Absorption difference spectra for the C=C stretches from the periodic PAMs. The characteristic vibrational stretches of the 
C= C group are visible in the spectra, as indicated by the vertical dashed lines. Two PAM arrays with arm lengths of 1 .86 [im and 2.05 \im were measured. 
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Figure 7 | The experimental asymmetric absorption difference spectrum improves the detection sensitivity, (a) The molecular vibrational stretches are 
well-aligned with the resonance spectra of the PAMs. (b) The absorption difference spectrum is clearly split. The dashed vertical lines indicate the 
positions of the absorption peaks for the C=C group in Parylene-C. 



detection^^ because the autofluorescence may interfere with or even 
overwhelm the signals of interest, especially when UV and visible 
light are used for excitation^^. For further proof of the proposed 
concept of PAM-based surface-enhanced molecular spectroscopy, 
an in-depth mechanistic description of the autofluorescence of 
Parylene C is given here. The Parylene C films evaporated on the 
PAMs were exposed to UV illumination for degeneration. At various 
time intervals, the spectral responses were characterized by FTIR, as 
shown in figure 8. As is well known, the absorption peaks from 1450- 
1610 cm"^ (6.89 |im - 6.21 jim) are attributed to the C=C 
stretching vibrations^^. After illumination (15 min to 60 min), the 
absorption peak for the C=C bonds increased. The absorption 
increased promptly for UV illumination durations of less than 30 
minutes, whereas after longer UV illumination durations, the 
magnitude of the vibrational spectrum was slightly attenuated at 
the absorption bands, and the spectral shape and peak locations 
were unchanged. The above experimental results provide clues that 
help us to understand the maturing mechanism. The slow variation of 
the ampUtude verifies the increasing amount of C=C bonds in the 
chain adjacent to the benzene ring^^ Some unsaturated C=C bonds 
in the molecular chain of the Parylene C film are generated during the 
evaporation and deposition process. During the initial UV illumin- 
ation, the photo- oxidation of the C=C bonds was stimulated by 
oxygen diffusion into the film due to the permeating contact 
between the oxygen and carbon molecules; in addition, the un- 
saturated C=C defects dehydrogenated and an increasing number 
of C=C bonds completed the molecular chain of the Parylene C 
film^\ After longer UV illumination times, photo -oxidation 
gradually became dominant. The C=C bonds in the main chain 
were oxidized to C-O bonds (at 1100-1300 cm-\ 9.09 - 7.69 |im) 
or C=0 bonds (approximately 1700 cm~\ 5.88 |im); this oxidation 
resulted in the sharp reduction of the resonant magnitude indicated 



in figure 8 (b). The amplitude of the absorption spectrum increased 
after 60 minutes at three different wavelengths: 6.69 jim, 6.88 jim 
and 7.12 |im, as shown in figure 8 (c). 

Discussion 

We have demonstrated that perfect-absorber metamaterials (PAMs) 
with tunable cross-shaped artificial structures can be used in surface- 
enhanced molecular spectroscopy (SEMS). In contrast to previous 
implementations of label-free methods, PAM-based infrared spectro- 
scopy has the advantageous properties of surface plasmon-enhanced 
resonance and tunability of the resonance spectrum throughout the 
mid-infrared region. The higher local field enhancement caused by 
the confmement of the nanostmcture increases the cross section of 
the infrared absorption and improves the detection sensitivity. At the 
same time, the tunability of the resonance spectrum enables the PAMs 
to match the molecular vibrational modes of interest in the analyte to 
identify chemical stretches. The clear observation of Parylene C molecu- 
lar vibrational stretches in films with thicknesses of tens of nanometers 
demonstrates that the PAM-based SEMS is well suited to molecular 
vibrational infrared spectroscopy. Further development of multi-band 
PAMs can thus implement strong near-field enhancement over broadly 
tunable modes and can enable PAM-based SEMS to simultaneously 
monitor multiple chemical or biological agents or conformational 
changes associated with different structural stretches. This new 
approach of PAM-based biosensing is compatible with the lab-on-a- 
chip concept and offers the possibility for high-throughput analysis. 
Further research could exploit this method to support strong field 
localization for single-molecule spectroscopy. 

Methods 

The PAM arrays were fabricated through the standard process of sputtering and 
electron beam lithography (EBL) followed by lift-off^. Details are described in 



(a) (b) (c) 




Figure 8 | The autofluorescence processes of Parylene C film under UV illumination. The variation in the C=C molecular vibrations indicates the 
autofluorescence mechanism, (a) The absorption spectrum of Parylene C for short UV illumination times, (b) Under UV illumination, the C= C bonds in 
the main chain become saturated and then oxidized; oxidation reduces the difference spectrum at three vibrational bonds, (c) The change in the 
absorption spectrum after 60 minutes. 
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Supported Information. The electromagnetic wave in the mid-infrared region from 
2.0 [im to 10.0 |im was typically focused on the detection spots. The measurements 
were performed by mounting the biochip on an XY motorized alignment stage and by 
aligning the detection spots within the microscope for Fourier transform infrared 
(FTIR) spectroscopy with an infrared microscope. The absorption intensity and the 
frequency shifts were monitored before and after the analyte was placed in contact 
with the absorptive elements. The PAM structure was optimized using finite-differ- 
ence time-domain methods (FDTD, Commercial software, Lumerical) refering to 
Supported Information. To obtain distinct independent resonances, the geometric 
parameters were scanned and optimized for the molecular vibrational bands. The 
thicknesses of both the upper gold film and the layer beneath the dielectric materials 
were chosen to be 100 nm, whereas the absorption layer of AI2O3 film is 50 nm thick. 
The transmission T{co) and reflection R(cq) were obtained from simulations with 
perfectly matched boundary conditions. The frequency- dependent absorption was 
calculated from A(cq) = 1 — T(co) — R(co). The Parylene C films with varying thick- 
nesses were evaporated on a bare substrate and on the surface of the PAMs with a film 
coating system (Specialty Coating System, Inc.). The absorption spectral properties of 
a Parylene C film evaporated on a bare substrate and the surface of PAMs array were 
measured with a Fourier transform infrared (FTIR, Vertex 70, Bruker) spectrometer. 
The optical constants in the mid-infrared were also measured by spectroscopic 
ellipsometry (IR-VASE®, J. A. WooUam). The infrared absorption spectra before and 
after the Parylene C film coating were measured with a FTIR spectrometer, and details 
are given in Supported Information. To obtain information on the molecular vibra- 
tional stretches, the frequency- shift method was used to eliminate the effect of the 
dielectric constant^^ 
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